Abstract-In this paper two typical arrangements of underground single-core high voltage three-phase power cables (flat and trefoil protected by PVC pipes) inside a closed shield of three different materials (low-carbon steel, non-oriented grain steel and aluminium) are analysed. The shield has two components: a U-shaped base and a flat plate (cover) located on top of the base. Whereas most of previous papers on this subject only dealt with the degree of mitigation obtained with each material, this paper, in addition to also addressing this issue, mainly focusses on the effect that electromagnetic losses induced in the shield have on the ampacity of the cable and the cost involved (material and losses). To obtain the numerical results, a high number of simulations by a well-known commercial finite element method software (COMSOL Multiphysics) have been performed. The results obtained in the numerous cases analysed are widely commented and the solutions that enable an important mitigation with no current derating and at a comparatively low cost are highlighted.
INTRODUCTION
In the last decades several proposals have been published to mitigate the magnetic field (MF) generated by underground cables, undesirable in certain circumstances (proximity of dwellings, disruptive effects in sensitive equipment, etc.). In particular, one design that has raised a certain interest in the scientific community is the shield composed by two parts: a U-shape base and a flat plate (cover) located on top of the base, obtaining a closed shield. This design, proposed in [1] for ferromagnetic materials, has the advantage over previous closed shields of simplifying the laying procedure and the subsequent maintenance operations, keeping meanwhile the typical high MF mitigation of closed shields compared with open ones. Moreover, it does not require welding because each of the longitudinal sections of the shield (of about 1 m) has a conical shape so that it can be partially overlapped to the next one.
This solution has been installed in several real lines in the last years. In [2] three applications in Italy are described (trefoil configuration at 132 and 380 kV), obtaining a shielding effectiveness SE (ratio between the non-mitigated field and the mitigated one in dB) greater than 25 dB. On the other hand, in [3] several experiments of installation of a similar ferromagnetic shield in a 150 kV line in Belgium are described, comprising both trefoil and flat configurations and different thicknesses. The SE obtained was around 26 dB. In this work the use of aluminium was also tested, obtaining a lower SE = 18 dB.
Regarding the losses generated by this kind of shield, in [4] an indepth analysis is performed, comparing the losses dissipated by three types of material: two ferromagnetic materials of different magnetic permeabilities and aluminium. The main conclusion is that if losses must be limited aluminium is the best choice, provided that its lower mitigation compared with high-permeability material is enough.
The importance of minimizing electromagnetic losses is associated to two important issues that must be taken into account. On one side, these losses can cause an additional temperature rise in the conductors, leading to a current reduction of the line. On the other side, these losses increase the operational cost of the line over all the years of operation. Therefore it is crucial to know how to reduce the induced losses into the screen in order to reduce both issues.
To this end, in this paper we go a step further by performing an in-depth parametric analysis by means of 2-D finite element method (FEM) models, developed to show the influence of the geometrical parameters of the shield not only on the MF mitigation achieved, but also on the electromagnetic losses induced in the shield and their influence on the carrying capacity of the mitigated line. Furthermore, the economic cost of the shield is studied, taking into account both the material cost and the losses cost over all the years of operation. In this sense, three types of material are considered: a low-carbon steel, a non-oriented grain steel and aluminium. In order to analyse the worst situation (from the thermal point of view), either a flat or trefoil configuration of the power cables will be considered installed into PVC pipes.
FEM MODEL
The problem to be solved is rather complex, since there are two physics involved: an electromagnetic problem coupled to a thermal one. In addition, the complex geometrical shape of the screen requires the use of numerical techniques. In this situation the best choice is to use a FEM formulation for a suitable modelling of the system to be studied in order to compute either the mitigated MF [5] [6] [7] or the temperature of the power cables [7] [8] [9] . The mathematical models to be solved are described in the following sections.
Electromagnetic Problem
The mitigated MF is computed by means of a FEM model based on the following assumptions:
1) The cables are straight and infinitely long, thereby rendering the problem 2-D. 2) All materials have constant electrical properties, with the exception of conductive materials (conductors and screen), whose electrical conductivity σ(θ) depends on temperature:
where θ is the unknown temperature and σ 0 and α are the conductivity and the temperature coefficient of the material at 20 • C, respectively. 3) The electrical conductivity of mother soil is ignored. 4) The phase currents are sinusoidal and balanced.
In this situation, the equation to be solved can be described as
where A is the magnetic vector potential, ω the angular frequency, σ the conductivity, µ the permeability, and J e the external current density. To take into account the nonlinear behaviour of ferromagnetic materials, µ will be considered as a function of the flux density.
For better understanding, the shielding effectiveness of the shield is quantified in terms of the ratio between the resulting (root sum square) nonmitigated and mitigated MFs in dB:
where B p is the MF generated by the power cables and B s the mitigated field.
The power losses generated in the cables and in the shield will be used as the heat input for the thermal problem. In particular, eddy current losses (P e ) can be calculated from the total current density J as follows:
On the other hand, the losses generated in nonlinear ferromagnetic materials are also considered. These losses can be conceptually separated into three loss components, known as the hysteresis P h , classical eddy current P e , and additional losses P a [10] . Considering Steinmetz's [11] [12] [13] and Bertotti's [13, 14] equations, the total losses can be described as
where P e can be computed by (4) , B m is the maximum flux density, K h is the hysteresis loss coefficient, K a is the additional loss coefficient, and a and b are constants. The latter coefficients are obtained from information provided by the manufacturer.
Thermal Problem
The starting assumptions for the thermal problem are as follows:
1) Since power cables are straight and infinitely long, the heat transfer problem can be formulated in 2D on the x-y plane.
2) The temperature gradient in the soil at great distance (25 m) from the cables is zero. 3) Power cables are buried in homogeneous soil. 4) All materials have constant thermal properties, including the thermal resistivity of the soil, since no moisture migration is considered. 5) The effect of radiation at the ground surface is neglected. 6) The soil temperature at a depth of 15 m is known (θ s ).
7) The heat flux at soil surface is transferred by convection, with known convection heat transfer coefficient (h) and temperature of the air (θ a ) [15] . 8) Heat radiation is present between the outer cable surface and the inner pipe surface, with known surface emissivity (ε) of the materials [15] . 9) The air region inside the plastic pipes is a closed system, so heat convection is present. The mass conservation, momentum conservation and energy conservation equations must be solved [8] .
As a consequence, the associated steady-state heat conduction equation can be expressed [15] as
where q is the heat source generated by the power cables and the shield (computed from the electromagnetic problem), θ is the unknown temperature, and ρ is the thermal resistivity of each material. The coupled electromagnetic-thermal problem is iteratively solved as there are temperature-sensitive elements, such as the electrical conductivity of the conductors and the shield, which must be continuously corrected for the newly calculated temperature. Underground phase conductors, screen and trench dimensions. is h = 25 W/m 2 ·K and the air temperature θ a = 25 • C. Finally, the surface emissivity of the outer cable surface and the inner duct surface (both are PVC) is ε = 0.9. In this situation, the ampacity of the line is about 809 A when there is no shield installed, in accordance with the IEC 60287 standard, since the permissible operating temperature is θ m = 90 • C (cable insulation is XLPE). Therefore this value will be considered as the current flowing through the line in the parametric analysis.
The shield is initially considered to have the following dimensions taken as a reference: a 3 mm thickness, a base width of about 660 mm, a height of 532 mm and the cover of 1040 mm. Once the power cables are installed into the shield, it is filled with cement mortar, which has a thermal resistivity of ρ c = 0.83 K·m/W.
Three materials are employed in the shield: aluminium (Al), a low-carbon steel (LCS) and a non-oriented grain steel (NOS). Their electrical and thermal parameters are shown in Table 2 , which includes the coefficients needed to compute the hysteresis and additional losses by Equation (5) (data obtained from the manufacturer). Since both steels are nonlinear ferromagnetic materials, its relative permeability is a function of the flux density µ r (B), as shown in Fig. 2 .
These materials have been selected since they can provide SE values higher than 0 dB in any point of the external area out of the shield (hence the MF has been reduced), as shows Fig. 3 , where it is represented the SE field provided by the shield with each material. Also, Fig. 3 shows a remarkable efficiency obtained with NOS shield compared to aluminium and LCS shields.
Regarding the relative position between the shield and the phase conductors, in the parametric analysis it will be assume that the shield is approximately centered with the power cables (the bottom of the shield is about 0.2 m away from the cables center), as shown in Fig. 1 , although it is easier to lay them directly on the bottom of the shield. (a) (b) (c) Figure 3 . SE field and iso-lines for shields made of (a) aluminium, (b) low carbon steel and (c) non-oriented grain steel. This is because in this situation the maximum temperature of the cables is the lowest possible without having a negative influence on the SE achieved with the three materials used, as shown in Fig. 4 , where it is represented the evolution of the SE achieved at the point of interest situated at 1 m above ground surface ( Fig. 1 ) and the maximum temperature of the cables when the separation from the bottom of the shield is increased. Figure 4 . Evolution of the SE (at 1 m above ground surface) and the maximum temperature of the cables with their separation from the bottom of the shield (3-mm thickness). Table 3 . Evolution of the electromagnetic losses induced in the shield (3-mm thickness) with the distance between cables and the bottom of the shield for the three materials used.
Aluminium Low carbon steel Non-oriented grain steel As can be seen, the SE remains constant, or even increases, when power cables are separated from the bottom of the shield, while their temperature decreases. In particular, when aluminium is used, the temperature of the cables can even decrease below the maximum temperature of 90 • C. This way the effect on the ampacity of the line is minimum. This is partially caused by the lower electromagnetic losses that are induced in the shield when the conductors are farther from its bottom, as shown in Table 3 , where each term of the induced losses decreases with higher distances and are minimum at about 0.2 m of separation. In this sense, it should be remarked that the induced losses on steel shields are more important than those on the aluminium shield for the same shield size, as will be seen again through the parametric analysis. In addition, when the shield is centered with the line, the temperature also decreases because there is more amount of cement mortar surrounding the power cables, whose lower thermal resistivity helps to better cool the power cables.
Parametric Analysis
The following parametric analysis involves both geometrical and economical parameters, focusing on those aspects which directly influence the cable ampacity and the total cost associated with a particular size of the shield. In this sense, only one dimension is revised on each analysis, leaving the other dimensions at the reference values. When necessary, the shield size is modified by several scaling factors applied either to the height or the width or to both dimensions (referenced as height scaling factor, width scaling factor and total scaling factor, respectively). It must be noticed that is crucial to evaluate separately the effects of each of the geometrical parameters in order to establish the dimensions of the shield which achieve the best shielding effectiveness without limiting the ampacity of the line. This is described in the following sections for the example shown in Fig. 1 .
Influence of Shield Thickness
For the shield dimensions mentioned earlier, Fig. 5 shows the evolution of the SE in the point of interest (at 1 m above ground surface and in the vertical of the central conductor) and the maximum temperature of the cables with the thickness of the shield. As can be observed, better mitigation results are obtained when using NOS shields, followed by aluminium and LCS, both of them providing similar mitigation levels Figure 5 . Evolution of the SE (at 1 m above ground surface) and the maximum temperature of the cables with the thickness of the shield. depending on the shield thickness. However, in this particular case only the aluminium shield will not have a negative impact on the ampacity of the line, since the maximum temperature of the cables remains always below 90 • C when this material is used. Furthermore, this effect is more important when the thickness increases, which not only improves the mitigacion level, but can also cool power cables below its initial temperature when there is no shield installed (e.g., a 4-mm aluminium shield leads to a temperature of the phase conductors of 86 • C, lower than the initial value of 90 • C for a current of 809 A). This behavior is not only explained by the lower power losses induced in the aluminium shield when increasing its thickness (Table 4) , but also because there is much more amount of good thermally conductor material (aluminium) that helps to evacuate the heat from the cables. So if necessary, using a suitable thickness on an aluminium shield would avoid overheating of the cables. On the other side, although a greater thickness of the shield also leads to better SE values when using NOS or LCS, the maximum temperature on the conductors remains almost constant and higher than 90 • C in both materials. This is because the induced electromagnetic losses in both materials are quite higher than those of the aluminium shield, as shown in Table 4 . However, despite these higher losses, the maximum temperature of the conductors slightly decreases thanks to the thermal properties of both steels and cement mortar. So, the ampacity of the line should be reduced in order to avoid overheating of the cables, especially in the case of LCS as the maximum temperature should be decreased in about 8 • C.
Taking all this into account, it can be concluded that the only way to limit the impact on the cable's ampacity when using NOS or LCS shields may be by modifying the size of the shield, since greater thicknesses seem to have no significant effects. This is developed next. Figure 6 . Evolution of the SE (at 1 m above ground surface) and the maximum temperature of the cables with the size (total scaling factor) of the shield.
Influence of Shield Size
The size of the shield can be modified by applying a scaling factor simultaneously to both the height and the width of the shield, but without changing its thickness. Fig. 6 shows how the SE and the maximum temperature of the conductor vary when increasing the shield size (increasing the total scaling factor for a shield thickness of 3 mm). It is easily observed how in general NOS shields provide a higher mitigation efficiency than aluminium and LCS due to its higher relative permeability. But Fig. 6 also shows that bigger shields made of any of the three materials leads to lower temperatures, and hence this helps us to limit the impact on the ampacity of the line. Again, this reduction on the temperature is caused by two effects: the lower induced losses in the shield and the presence of a higher amount of materials which have good thermal properties (shield and cement mortar).
However, the SE evolves in different ways on each material. So, while the SE remains almost constant in the case of LCS, in the case of NOS shields it decreases strongly. On the contrary, the mitigation efficiency of aluminium shields are much better with higher thicknesses.
Nevertheless, it should be clarified that the size of the shield is limited by trench dimensions and, hence, this parameter cannot be set as freely as desired. So it may be of importance to study the influence of the shape of the shield in order to adjust the shield into the limits of the trench, for example by modifying separately the height or the width of the shield, as developed next.
Influence of the Width and the Height of the Shield
If a scaling factor is only applied to the height of the shield, the evolution of the SE and the maximum temperature of the cables is shown in Fig. 7(a) (for a shield thickness of 3 mm) , where a scaling factor below 1 means that the shield height has been reduced from the reference value defined earlier (532 mm). As can be seen, the lower the height, the higher the maximum temperature is, especially in the cases of steel shields. This is due to the higher electromagnetic losses that are induced in the shield when its top and bottom plates get closer to the phase conductors (Table 5 ). However, this effect is less important in the aluminium shield, as induced losses increase more slowly with this parameter (Table 5) . So if needed, only in this case it would be possible to reduce the height of the shield with a limited impact on the current-carrying capacity of the line, but the SE would also be reduced.
(a) (b) Figure 7 . Evolution of the SE (at 1 m above ground surface) and the maximum temperature of the cables with (a) the height and (b) the width of the shield. In any case, increasing the height of the shield tends to diminish the influence of the shield losses on the ampacity of the mitigated line when using any of the three materials, while their mitigation levels remain quite constant (case of NOS and LCS shields) or even increase (aluminium shield). However, as it has been observed along this study, LCS shields have always the lowest SE values and the higher impact on the temperature of the phase conductors.
In relation to the shield width ( Fig. 7(b) ), results are very similar to those of the previous section, where the maximum temperature can be reduced if the shield width is incremented, mainly with the LCS and aluminium shields. However, this effect is less important in the case of NOS shields, since the maximum temperature remains almost constant when modifying this parameter.
Therefore, from this parametric analysis it can be concluded that a suitable shape and size of the shield can provide enough mitigation levels with a minimum effect, or even no effect, on the current rating of the power cables. An optimization study is required to take into account all the geometrical parameters involved.
Shield Cost
When selecting the shield to be installed in a particular place, not only the mitigation levels and the impact on the line ampacity must be taken into account, but also its cost, which includes the cost of the material and losses cost over the years of operation. The final goal is to find the aluminium or steel shield with the best balance between shielding effectiveness and cost.
So, from the parametric analysis developed previously, it can be derived that using a shield size of 1.3 times greater than the dimensions taken as a reference it is possible to keep the ampacity of the line in the initial 809 A, since phase conductors will have a temperature lower than 90 • C (Fig. 6) . In this way, it is possible to compare the shield cost for each material without worrying about the line temperature. To do that, it is considered a line length of 100 m to be shielded, obtaining the total cost of the shield (material and losses) over a period of 30 years as stated in the IEC 60287 for the cost of power cables [16] . Reference data are: 2600 euro/t for aluminium; 600 euro/t for LCS; 900 euro/t for NOS; energy price: 0.1 euro/ton; discount rate: 5%; energy cost rate: 2%; and demand charge: 0.03 euro/W·year.
In this situation, Fig. 8(a) shows the evolution of the SE and the total cost of the shield for different thicknesses of each material. It is easily observed that the total cost associated to the aluminium shield is the cheapest choice, although aluminium is the most expensive material from those considered. On the contrary, the cheapest materials (both steels) leads to a total cost about two times more expensive that the aluminium shield. This is due to the higher electromagnetic losses induced on the steel shields, which greatly increase the final cost. Taking all this into account, if a minimum mitigation level of 26 dB is required in a particular place, different options can be deduced from Fig. 8(a) , selecting the suitable thickness for each material to meet the mitigation requirements. In this case, it would be needed a 3 mm thick aluminium shield, a 6 mm thick LCS shield and a 2.5 mm NOS shield. The cost associated to these shields are listed in Table 6 , where it is also shown the total cost of the shields when meeting higher mitigation requirements.
This way, although NOS shield is the better choice in terms of shielding effectiveness, the aluminium shield seems to be the optimum choice since it provides enough mitigation levels to comply the mitigation requirements with the lowest cost possible. Figure 8 (a) is computed considering that the current flowing through the line is equal to its ampacity (809 A), which is the most critical situation. But this current may vary being usually lower and hence modifying both the mitigation efficiency and the total cost associated with the shield. This is shown in Fig. 8(b) for the shield solutions that comply with a minimum SE of 26 dB (Table 6) , where it is represented the evolution of SE and the total cost of the shield with the line current. As can be seen, when the line current is lower than 809 A the SE values of aluminium and LCS shields increase slightly, while it is worsened in NOS shields. In any case, the mitigation levels remain high. In addition, the total cost for the three materials diminishes with the current, since the induced electromagnetic losses do so.
Comparison with Open Shields
From the previous section it can be concluded that an aluminium shield may be the best choice due to its balance between shielding effectiveness and cost. However, it may be of interest to compare this solution with others that are usually employed in underground power cables in flat configuration. In particular, an aluminium open shield in H-layout can provide important mitigation levels close to those of the closed shield [7] . This is shown in Fig. 9 , where it is represented the evolution of the SE and the total cost of both shields for a range of thicknesses that have no effect on the ampacity of the line. It is easily observed that both solutions can provided similar results in terms of mitigation levels, but the closed shield is still cheaper than the Hlayout, although the difference is not as remarkable as that observed in Fig. 8(a) when using NOS or LCS closed shields. So, the H-layout still is a solution of interest to be taken into account, specially when trench dimensions are restricted, since its width is only about 1 m, lower than that of the closed shield that is about 1.35 m.
CASE STUDY 2: POWER CABLES IN TREFOIL CONFIGURATION
The second study included in this research is in relation with the same type of shield applied to the same 132 kV power line, but in this case the line is laid in trefoil configuration, as shown in Fig. 10 .
Again, phase conductors are installed into 160 mm PVC pipes, which are in contact.
All the boundary conditions for the electromagnetic and thermal problems are identical to those used in the study case 1, but this leads to a new ampacity value for the line in trefoil configuration, which is about 765 A, value that is considered to be flowing through the line in the parametric analysis. For the rest, all dimensions and parameters of the system remain the same, except for the shield size taken as a reference, which in this case is initially considered to have a 3 mm thickness, a base width of 350 mm, a height of 340 mm and the cover is 560 mm wide. This way, the shield (a) (b) (c) Figure 11 . SE field and iso-lines for shields made of (a) aluminium, (b) low carbon steel and (c) non-oriented grain steel.
is adjusted to the line size in order to simplify the laying process to ensure the trefoil configuration, as described in [1, 2] .
A new parametric analysis is developed next using also aluminium (Al), a low carbon steel (LCS) and a non-oriented grain steel (NOS), with the electrical and thermal parameters shown in Table 2 and Fig. 2 . Again, these materials have been selected since they can provide relevant mitigations levels (SE > 0 dB) nearby the point of interest situated at 1 m above ground surface, especially in the case of NOS shield, as shown in Fig. 11 .
Regarding the relative position between the shield and the power cables, contrary to that observed in the case study 1, there are no significant differences in the SE and the temperature of the cables whether the shield is centered or not with them, since there are lower losses induced in the shield due to the compact configuration of the line (Fig. 10) . So, in our analysis we will assume the conductors installed at the bottom of the shield due to the easiness to lay them.
Parametric Analysis

Influence of Shield Thickness and Size
If only the shield thickness is varied, the SE and the maximum temperature on the phase conductors evolve as shown in Fig. 12(a) . In this case, the worst mitigation results are presented for the aluminium shield, which barely reaches mitigations levels of 21 dB when using a thickness of 8 mm. In the same way, the LCS shield has poor mitigation (a) (b) Figure 12 . Evolution of the SE (at 1 m above ground surface) and the maximum temperature of the cables with (a) the thickness and (b) the size of the shield.
levels if low thicknesses are used, but its SE improves when using values higher than 5 mm. On the contrary, the NOS shield is always able to reach values of SE far above 26 dB. Nevertheless, only when using aluminium it is possible not to overheat the power cables employing a greater thickness. So NOS shields, and particularly LCS shields, have to be carefully considered as they may cause an important current rating reduction of the power line. Therefore, it may be of interest to visualize the effects on the SE and the maximum temperature when a bigger shield is installed. This is shown in Fig. 12(b) , where the thickness of the shield is fixed to 3 mm. It is clear that only the aluminium shield improves its SE with the shield size, while it worsens on both steels, especially on the NOS shield. Regarding the impact on the maximum temperature of the cables, it can be easily limited by slightly increasing the shield size when using aluminium or NOS, although it is also possible in LCS shields employing a much bigger shield. This is caused by the higher electromagnetic losses generated in the LCS shield, as shown in Table 7 .
Influence of Shield Width and Height
The influence of both the shield height and width are shown in Figs. 13(a) and 13(b) respectively, for a thickness of 3 mm. It is easily observed that both dimensions have similar effects on the SE provided by each material, where only the mitigation efficiency of the aluminium shield slightly improves while it remains constant for the LCS case and strongly decreases for the NOS shield. (a) (b) Figure 13 . Evolution of the SE (at 1 m above ground surface) and the maximum temperature of the cables with (a) the height and (b) the width of the shield.
So the only important advantage obtained from increasing one of these dimensions is that it helps us to limit the impact on the ampacity of the line, as can be seen in Figs. 13(a) and 13(b) . However, each material has a different reaction to these actions. For example, it seems that aluminium shields reach lower temperatures faster when increasing the shield height instead of increasing its width. On the contrary, the temperature seems to diminish faster when increasing the width on LCS or NOS shields. This behaviour is related not only with the electromagnetic losses induced on each material (Table 8) , but also with their thermal properties.
Shield Cost
The economic analysis developed for this case study has been performed with the same data listed in the corresponding section of the Figure 14 . Evolution of the SE (at 1 m above ground surface) and the total cost of 100 m of shield (total scaling factor of 1.3) with (a) the thickness of the shield and (b) the current through the line.
case study 1 (material and energy cost). However it is again necessary to select a particular size for the shield in order to avoid the current derating of the power line. In this sense, a shield size of 1.3 times the size taken as a reference is selected. This shield is supposed to be installed along a line length of 100 m. With these data, Fig. 14(a) shows the most important results when the shield thickness is increased. In particular the evolution of the SE and the total cost of the shield over 30 years of operation. It can be seen that the higher cost is obtained when using LCS to make the shield, which is about 1.6 times higher than the cost associated to the cheapest option (aluminium). Moreover, the shielding efficiency of both materials are very similar, so it is clear that LCS shields would be rejected. However, the cost of NOS shield is quite close to that of aluminium shield, especially at lower thickness, and they provide much higher efficiency levels than the aluminium. Considering all this, if a minimum SE of 26 dB is required, it would be necessary to choose the suitable thickness for each material to meet this constraint. In our case this leads to a NOS shield of 2.5 mm, a LCS shield of 7 mm and an aluminium shield of 9 mm. The total cost associated to these configurations is listed in Table 9 , which also includes the total cost for other requirements of SE.
As can be concluded, for any SE min the best choice in this case is to use a NOS shield, since it complies with the mitigation requirements with the lowest cost possible. In any case, the total costs shown in Fig. 14(a) have been computed for a current flowing through the cables equal to its ampacity (765 A), which is the most critical situation. In fact, the current is usually lower. So this is considered in Fig. 14(b) , where it is shown the influence of the current of the line in the mitigation efficiency and the cost of the shield when a SE min = 26 dB is required. It is easily observed that, in general, the current through the cables has no important effects on both parameters, except for the case of LCS shields, whose SE can be lower than 26 dB if the current flowing through the line is about 700 A or less. But also, for this material the total cost of the shield decreases faster than the cost of the other materials when the current is lower.
CONCLUSIONS
The shielding effectiveness of a closed two-component magnetic shield and the impact of the induced electromagnetic losses on the total shield cost and the ampacity of the power cables have been studied for two cases of an underground power line, installed in flat and trefoil configuration, both protected by PVC pipes. Three different materials for the shield have been considered in the study (aluminium, a low carbon steel and non oriented grain steel), which is performed by means of a FEM electromagnetic-thermal coupled model. A parametric analysis has been developed for the selected configurations of the line, concluding that the geometrical parameters of the shield have significant effects not only on the shielding effectiveness, but also on the ampacity of the shielded line and the shield cost (including material and losses cost over the years of operation). Tables and curves with comparative data presented in this paper help to select the suitable dimensions of a shield to be placed in a particular situation, in order to obtain the best mitigation levels and the lowest impact on the current rating of the mitigated line. In this sense, it has to be noticed that, in general, a greater size of the shield leads to a lower impact on the current rating of the mitigated line, but this also leads to a lower mitigation efficiency when using steel.
From all the materials considered to make the shield, this study concludes that aluminium provides significant mitigation levels with the lowest cost possible when shielding a line in flat configuration. Its mitigation efficiency is even close to that observed in other high efficiency open shields frequently used in lines laid in flat configuration, like the H-layout, but with a lower cost. However, if higher values of mitigation are needed, a non-oriented grain steel shield may be selected to be installed next to the line, but in this case the total cost of the shield is about twice of the aluminium.
On the other hand, if the line is laid in trefoil formation, a shield made of non-oriented grain steel is the best choice, since it provides very high mitigation levels with a reasonable cost, which is similar to the total cost of aluminium shields. However, in this situation aluminium shields cannot provide such high mitigation levels as those of the non-oriented grain steel.
Finally, in all the studied cases it is noticed that low carbon steel shields can provide significant mitigation levels when using a high value of thickness, but its cost is quite high compared to those of the other materials considered, which makes this material not to be best choice in any of the studied configurations.
